Stimulants are the main pharmacological treatment for patients with attention-deficit/hyperactivity disorder (ADHD). Their current prescription rates are rising, both in children, adolescents and adults. Related to the impulse control phenotype, both preclinical and clinical studies have demonstrated lower γ-amino butyric acid (GABA) levels in prefrontal brain regions in ADHD. Whereas stimulant treatment increases GABA levels, preclinical studies have suggested that stimulant treatment effects may be age-dependent.
Introduction
Attention-deficit/hyperactivity disorder (ADHD) has an estimated worldwide prevalence of 7.2% (Thomas et al., 2015) and is defined by symptoms of hyperactivity, inattentiveness, difficulty in controlling one's actions and impulsivity. These symptoms cause substantial impairment in daily functioning and while they often emerge at pre-school age, they can persist into adulthood (Tarver et al., 2014) . The most common pharmacotherapy for ADHD is stimulant medication with e.g. methylphenidate (MPH), which targets dopamine (DA) imbalances (Volkow et al., 2002) and is highly effective in alleviating ADHD symptoms (MTA-Cooperative-Group, 1999) .
Nowadays, parallel to the increased prevalence of ADHD over the past decade, stimulant medication prescription rates have risen strongly (Thomas et al., 2015) . Although the efficacy and safety of stimulants prescribed to children diagnosed with ADHD has been extensively documented (Faraone and Buitelaar, 2010) , it is currently unclear whether these drugs induce long-term effects, especially when they are first given during sensitive periods of ongoing human brain development, as is the case for children and adolescents.
In addition to the DA neurotransmitter system, the γ-amino butyric acid (GABA) system has also been implicated in ADHD pathophysiology. Various measures of inhibitory control, one of the main problems of children with ADHD (Vaidya et al., 1998) , have e.g. been correlated with brain GABA levels in healthy adults (Boy et al., 2010; Boy et al., 2011; Marenco et al., 2010) . In fact, recent preclinical studies support a link between alterations in GABA and behavioral changes relevant for ADHD; e.g. micro-infusions of a GABA receptor antagonist in the rat medial prefrontal cortex (mPFC) cause attentional deficits (Pezze et al., 2014) , while reductions in extracellular GABA levels have been found in a rodent ADHD model (Sterley et al., 2013) .
These findings are supported by human studies, in which behavioral impulsivity is correlated with decreases in prefrontal GABA levels in healthy volunteers (Boy et al., 2011) . In addition, school-age children diagnosed with ADHD show reduced short inter-cortical inhibition in a paired-pulse transcranial magnetic stimulation protocol, a process known to be mediated by GABAergic cortical neurons (Gilbert et al., 2011; Ziemann et al., 1996) . Moreover, reduced cortical GABA levels are found in children with ADHD (Edden et al., 2012) , and also in adult ADHD patients, subcortical GABA levels are altered (Bollmann et al., 2015; Ende et al., 2015; Schür et al., 2016) .
Whereas these alterations suggest a role for the GABAergic system in ADHD symptomatology, effects of concurrent stimulant treatment could confound these findings. ADHD medication increases GABA in animal models (Freese et al., 2012; Goitia et al., 2013; Sotomayor-Zárate et al., 2010) and Bollmann et al. (Bollmann et al., 2015) have demonstrated that age is a factor that needs to be considered as the GABAergic system continues to develop throughout childhood and adolescence (Andersen, 2003; Luján et al., 2005) . Hence, an aberration from the normal development of the GABAergic system could result in a later imbalance between excitatory and inhibitory neurotransmission, that could play a role in the pathophysiology and persistence of ADHD (Ferreira et al., 2009; Luján et al., 2005) .
Age-dependent and long-lasting effects of stimulant treatment have already been reported in rodents; compared to rats that started MPH treatment in adulthood, juvenile rats that were MPH-treated showed a diminished cocaine sensitivity in adulthood (Andersen et al., 2002) , notably parallel to reductions in DA transporter density (Moll et al., 2001) and in extracellular DA levels (Cornish and Kalivas, 2001; Howard et al., 1997) .
In summary, whereas both preclinical and clinical data suggest a role for the GABAergic system in ADHD (symptoms), the influence and interaction of age and stimulant treatment on GABA levels in the human PFC was poorly studied. We therefore used edited magnetic resonance spectroscopy (MRS) to investigate GABA+ levels in adult ADHD patients before and after an MPH challenge. In order to study the age-dependent effects of stimulant treatment on the GABAergic system we investigated ADHD patients who; 1) either started with stimulant treatment at a young age (i.e. < 16 years), 2) who were first treated only later in life (> 23 years), or 3) who had never received stimulant treatment.
Methods

Participants
A group of 44 male ADHD patients between 23 and 40 years of age were included (mean age 29.11 ± 4.90 years). Participants were recruited via outpatient clinics, newspaper advertisement and databases containing prescription data (Pharmo Institute Utrecht). All patients had an established clinical diagnosis of ADHD (all subtypes) made by a specialized physician using the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) Fourth Edition (American Psychiatric Association, 1994). Exclusion criteria were; 1) an IQ < 80, 2) a history of brain trauma or neurological disease, 3) magnetic resonance imaging (MRI) contra-indications, 4) alcohol and/or drug dependence according to DSM-IV criteria as assessed using the MINI (Sheehan et al., 1998) , 5) contra-indications for MPH treatment (e.g. use of mono-amine oxidase (MAO) inhibitors or antipsychotics), 6) current or previous treatment with related DAergic medication before the age of 23, such as neuroleptics, D2/D3 agonists or antipsychotics, and current or previous DA-system-related drug dependence (e.g. amphetamine), and 7) prenatal use of MPH by the mother of the patient.
Patients were stratified in three groups: 1) an early stimulant treated group (EST): i.e. patients who were treated for the first time with stimulants starting before the age of 16; 2) a late stimulant treated group (LST): i.e. patients were treated first with stimulants after 23 years of age and 3) a stimulant treatment-naive group (STN): ADHD patients with no history of stimulant medication. Prescription history was based on self-report and verified with available prescription data from pharmacies and treating physicians. Current ADHD symptom severity was measured with the ADHD rating scale (Kooij et al., 2005) . Education was determined based on a rating scale (Verhage, 1964) . All participants signed written informed consent. The study was carried out in accordance with the Declaration of Helsinki (2012) and was approved by the Medical Ethical Committee of the Amsterdam Medical Center.
Procedures
All participants underwent an MRS scan session, in which GABA levels were assessed in a single voxel in the mPFC. This region was chosen because the mPFC plays an important role in behavioral inhibition, which is a prominent symptom in ADHD (Castellanos and Proal, 2012) . For a subgroup of the participants (N = 38), the MRS scan session was followed by an oral MPH challenge of 0.5 mg/kg MPH (with a maximum dose of 40 mg), 5 min after the MRS scan. MPH (0.5 mg/kg) has been administered as an oral bolus in previous MRI studies up to 50 mg, which was well tolerated (Rao et al., 2000; Silveri et al., 2004) . This subgroup underwent a second MRS scan 90 min after MPH administration, which is when the maximum uptake of MPH in the striatum is reached (Kollins, 2003) .
During the first scan session, a T1-weighted MRI scan was obtained to assess tissue composition differences in the voxels between the different groups. Participants classified as being on stimulant medication, were medication-free for at least one week before the scan, in order to prevent acute effects of stimulant treatment on our GABA measurements. Participants were further instructed to abstain from nicotine and caffeine on the study day, alcohol at least 24 h before the study, and other drugs of abuse for at least one week before the study.
MRI acquisition
Data were acquired using a 3.0 T Philips Achieva MR Scanner (Philips Medical Systems, Best, The Netherlands), using a SENSE 8-channel receive-only head coil and body coil transmission. The anatomical 3D-fast field echo T1-weighted scan was obtained with the following scan parameters: TR/TE = 9.8/4.6 ms, FOV = 256 × 256 × 120 mm, voxel size = 0.875 × 0.875 × 1.2 mm in each session. J-difference edited MRS spectra were acquired using a MEGA-PRESS sequence (Mescher et al., 1998 ) from a 2.5 × 3.5 × 2.5 cm 3 voxel in the mPFC with the following parameters: TR/TE = 2000/68 ms, number of signal averages = 2, dynamic scans = 160, 14 ms editing pulses placed at 1.9 ppm (ON) and 7.46 ppm (OFF) with 1024 data points and 2 kHz spectral width, for an approximately 10 min acquisition. The voxel was placed manually and anterior of the genu of the corpus callosum. It was oriented along the anterior-posterior commissure and centered on the interhemispheric fissure (see Fig. 1C ).
Image analysis
Edited MRS spectra were analyzed using the Gannet GABA analysis toolbox ) (see Fig. 1A and B ). Coil-combination, phasing, apodization and frequency correction were performed automatically in this toolbox. Water-scaled GABA concentrations were calculated according to standard procedures, as described in detail elsewhere (Mullins et al., 2014) . In short, the time-domain data is processed into a frequency-domain GABA-edited spectrum. Using a nonlinear, least-squares fitting, the GABA concentration at 3 ppm is estimated . The assessment of GABA using MEGA-PRESS however results in co-editing of macro-molecules such as proteins, which contribute to the edited GABA peak at 3.0 ppm. GABA levels are quantified against the unsuppressed water signal from the same region with estimated relaxation values for water and GABA . As the editing pulse at 1.9 ppm is known to co-edit macromolecule signals at 1.7 ppm (Mullins et al., 2014) , the water-scaled GABA findings described in this paper represent GABA and related macromolecules and are therefore referred to as GABA+ levels. G-ABA+ fit errors were calculated with the Gannet GABA analysis toolbox to assess the data quality of the spectra.
The SPM8 toolbox was used with MATLAB (The Mathworks, Natick, MA) to co-register the T1-weighted scan to the MRS scan in the Gannet toolbox. Co-registration of the T1-weighted image to the MRS spectrum allowed for a calculation of both the grey and white matter and CSF fraction within the voxel. For the subjects that underwent MRS scans before and after MPH, a low-resolution T1 obtained at the second scan session that was registered, together with the MRS voxel, to the high resolution T1 from the first session, in order to estimate the overlap between the voxels during both scans. In addition to water-scaled GABA+, the co-edited water-scaled glutamate + glutamine (Glx) signal was assessed to investigate differences in baseline level and after administration of the MPH challenge.
Exclusion criteria for bad data quality were based on visual inspection of the GABA+ edited difference spectrum, frequency drifts of the residual water spectrum, the creatine signal before and after frequency and phase correction, and the fit of the GABA+, the water and creatine signal, in addition to quantitative measurements of the provided fit error and expected full-width/half-maximum of the signal peaks, and on visual inspection of the voxel position.
Statistical analyses
The IBM SPSS Statistics package Version 20 (SPSS, Chicago, IL) was used to conduct statistical tests for all data. Data were checked for normality and equality-of-variance. Due to missing values for some of the subjects after the MPH challenge, linear mixed model analyses were used to assess the main effect of group and time-point, and an interaction between group and time-point on the GABA+ and Glx levels. An unstructured covariance matrix was assumed and a fixed intercept was used and the model was estimated using maximum likelihood. p-Values < 0.05 were considered statistically significant and follow-up pairwise comparisons were corrected for multiple testing using Tukey corrections. Pearson correlations were used to assess correlations between GABA+ and Glx levels as well as age, symptom severity and time since last stimulant exposure to check for possible confounding effects.
Results
Sample characteristics
As shown in Table 1 , mean age and educational level did not differ significantly between the three groups (age: F(2,41) = 1.47, p = 0.24; education: F(2,40) = 2.54, p = 0.09). Symptom severity did differ significantly between the three groups (F(2,40) = 3.44, p = 0.04) with higher scores indicating a more severe symptomatology, although posthoc Tukey test showed no differences between the individual groups. Inherent to the study design, mean age of first stimulant exposure was Fig. 1 . Spectrum, segmentation data and position of the voxel. A) Representative example of a typical MEGA-PRESS difference spectrum. The GABA+ peak is around 3.0 ppm, the glutamate (Glx) peak is around 3.7 ppm. B) Illustration of the curve fitting of the GABA+ peak using Gannet. The red line represents the result of the curve-fitting, the blue line shows the post-phase and frequency aligned GABA+ data, the black line is the residual difference between the data and the curve-fit. C) Illustration of the position of the voxel in the mPFC in a sagittal and transverse T1-weighted image of a representative subject. significantly lower in the EST subjects compared to the LST subjects (t = − 10.52, p < 0.01). Treatment duration differed significantly between the EST and LST group (t = 3.89, p < 0.01), as well as time since last stimulant exposure (t = 6.83, p < 0.01; Table 1 ). 44 subjects completed the first scan session, of which 38 subjects received the MPH challenge and underwent the second scan session. For the GABA+ analyses, 3 participants were excluded from both scan sessions due to bad data quality or voxel misplacement. In addition, 2 participants were excluded from the second MRS scan session due to bad data quality. This resulted in a final group for the GABA+ analyses of 41 subjects at baseline and 33 subjects who completed the second MRS scan session.
For the additional Glx analyses, 6 subjects were excluded due to bad data quality or voxel misplacement from both scan sessions. In addition, 3 subjects were excluded from the Glx measurements from the second MRS scan. This resulted in a final group for the Glx analyses of 38 subjects at baseline and 29 subjects after the MPH challenge.
Morphological differences in mPFC voxel
No significant differences were found in grey matter, white matter or cerebrospinal fluid (CSF) fraction in the MRS voxel between the groups when studied at baseline ( Table 2) . Comparison of the voxel position during the first and second MRS scan resulted in a mean overlap of 86.77% for all participants who underwent the second MRS scan session.
GABA+ levels
Linear mixed model analyses showed a trend significant interaction between group and time-point (F(2,38) = 2.55, p = 0.09) and a significant main effect of group on GABA+ levels (F(2,36) = 5.43, p = 0.01). Addition of possible covariates such as age, ADHD symptom severity or age of diagnosis did not affect these results, nor did the covariates showed a significant main effect. Post-hoc analyses revealed differences at baseline in the estimated GABA+ levels between the STN, EST and LST subjects (F(2,0.70) = 3.75, p = 0.03; Figs. 2 and A.1). Statistically significant lower estimated GABA+ levels were found in EST when compared to LST subjects (p = 0.04). In addition, trend significant differences in GABA+ levels were found after the MPH challenge (F(2,0.32) = 3.16, p = 0.057). Furthermore, estimated G-ABA+ levels increased significantly after the MPH challenge only in the EST group (t = − 3.20, p = 0.01), whereas the STN and LST subjects did not show such a change in estimated GABA+ levels after the MPH challenge (Figs. 2 and A.1). There were no significant differences in GABA+ fit errors between the three groups (F(2,38) = 2.58, p = 0.09).
At baseline, no correlation was present between age and estimated GABA+ levels (r = 0.26, p = 0.10). Also, ADHD symptom severity did not correlate with estimated GABA+ levels (r = 0.14, p = 0.40) in all subjects, nor in the unexposed subjects (r = 0.37, p = 0.16) or Before the MPH challenge, the EST and LST subjects differed significantly (p = 0.04), whereas only the EST subjects showed increased estimated GABA+ levels after the MPH challenge (p = 0.01).
previously exposed subjects (r = − 0.21, p = 0.35).Additionally, treatment duration was not correlated to GABA+ levels in any of the previously exposed subjects (r = −0.02, p = 0.93). However, time since last stimulant exposure correlated significantly with estimated GABA+ levels in the previously exposed subjects (r = − 0.50, p = 0.01).
Glx levels
No significant interaction between group and time-point was found on Glx levels (F(2,30.00) = 0.10, p = 0.91) in the linear mixed models, nor was there a main effect of group (F(2,34.04) = 1.47, p = 0.24) or time-point (F(1,30 .00) = 0.69, p = 0.41 (Fig. A.2) .
Discussion
In this study, estimated GABA+ levels, and changes in GABA+ levels in response to MPH, were compared between 3 groups of ADHD patients. One group was exposed to stimulants for the first time during a period of ongoing brain development (EST), another during a period when brain maturation is nearly completed (LST), and one was treatment naive. Estimated GABA+ levels differed significantly at baseline between the three groups with the EST group showing significantly lower mPFC estimated GABA+ levels relative to LST subjects. Moreover, a significant increase in GABA+ levels was found after an acute MPH challenge only in the EST, but not LST, subjects. Together, this indicates that alterations have occurred in the mPFC GABAergic system, selectively in those ADHD patients who were first exposed to stimulant treatment early in their lives, i.e. during childhood/adolescence.
The current increase in estimated GABA+ levels found after an MPH challenge in EST subjects is in accordance with studies in healthy rats (Freese et al., 2012; Goitia et al., 2013) . In these studies, a challenge with MPH increased the mRNA levels of glutamic acid decarboxylase (GAD) that encodes the protein converting glutamate into GABA (Freese et al., 2012) . Also, a single administration of MPH increased GABAergic neurotransmission in healthy mice (Goitia et al., 2013) .
In stimulant treatment-naive ADHD subjects, such increases in estimated GABA+ levels were not observed after an acute MPH challenge. A possible explanation could be that the animal studies mentioned above were conducted in wild-type animals and are therefore difficult to extrapolate to a disease state like human ADHD, aside from the translation of ADHD-like animal models to human disease states in general, which is complicated in itself (Wickens et al., 2011) . Alternatively, species-specific differences in the GABAergic system have been reported, e.g. in the sub-regional distribution of GABA receptors and in their subunit compositions (Young and Chu, 1990) , that could possibly underlie the discrepancy between our current findings and the preclinical studies.
In our study, the mPFC was chosen as region of interest since dysfunction of the prefrontal-striatal circuitry is thought to underlie at least some of the executive deficits in ADHD (Castellanos et al., 2006) . Hence, down-regulation of GABA in the mPFC could contribute to alterations in ADHD related functions like inhibition, behavioral impulsivity, decision making and working memory (Boy et al., 2011; Lew and Tseng, 2014) . A related study by Bollmann et al. (2015) did not find differences in GABA levels in a frontal voxel, but this voxel was positioned more laterally than our current voxel. Nevertheless, these authors found differences in GABA levels between adult ADHD patients and controls in the basal ganglia, which is also part of the prefrontalstriatal circuitry. Future studies, e.g. using chemical shift imaging (CSI), could help shed light on the regional differences in GABA and on whether modulation occurs by disease and/or pharmacotherapy.
The results from our study suggest that stimulants have different effects when acting on the developing or the mature brain. Drug treatment during periods of ongoing brain development has been hypothesized to induce long-lasting changes in later neurotransmitter sensitivity, also known as chemical programming (Andersen and Navalta, 2004) . In this respect, the chronic increase in GABA+ levels present during MPH treatment in childhood could have caused a lasting down-regulation of endogenous GABA+ levels as an adaptive response.
Alternatively, MPH treatment was shown before to increase DA levels (Volkow et al., 1998) that could subsequently affect DAergic neurotransmission. In turn, as proposed recently, this could have increased GABA release from dopaminergic axons (e.g. (Freese et al., 2012; Tritsch et al., 2012) ). Chronic MPH treatment may therefore have led to lasting increases in DA and GABA levels, and could eventually have resulted in a down-regulation of their respective receptors. While speculative, this could have decreased the sensitivity and thereby lower the overall activity of both the DA and GABA systems. Changes in receptor down-regulation could be long-lasting, especially when MPH treatment occurs in an immature brain, but this possibility remains to be tested in detail.
We further show that only the EST subjects displayed an increased GABA+ response after an MPH challenge. This suggests that compensatory effects may have occurred in response to e.g. reductions in basal GABA+ levels, also temporal aspects could explain the differences between EST and LST subjects. Although the wash-out period lasted one week, the differences in GABA+ levels may also have resulted from a differential sensitivity to recent stimulant treatments. However, no differences were present in baseline GABA+ levels between the LST and STN subjects, which argues against this explanation. Thus, as only EST subjects showed an increase in estimated GABA+ levels after the MPH challenge, this indicates the differences we observed between EST and LST subjects, is most likely explained by the age at first exposure.
Previous literature has shown that, next to GABA, also glutamate may be altered in ADHD, although some studies could not be confirmed later (Bollmann et al., 2015; Carrey et al., 2007; Ferreira et al., 2009; Moore et al., 2006) . In our current study, we did not find differences in baseline Glx levels, nor did we find any changes in Glx after an MPH challenge. This suggests that in contrast to GABA+, the prefrontal glutamatergic system does not seem to be affected by early stimulant exposure, nor by a single MPH challenge, which further adds specificity to the current GABA+ effects.
Our current study has several strengths and limitations. It is the first to investigate the influence of age of first stimulant treatment on later GABA+ and Glx levels and responses in adult ADHD patients. As stimulants are currently prescribed to many children diagnosed with ADHD, and in view of its putative imprinting effects (Andersen, 2005) , our results provide relevant data to the timely discussion on this topic in both science and society. Although the early MPH treatment improves ADHD symptoms, lasting changes in the GABAergic system could have been induced that could e.g. underlie later changes in impulsivity, that in turn, could make patients more vulnerable for risktaking behavior and/or later drug (ab)use. As such, these data may help to better evaluate decisions regarding treatment of children and adults with ADHD.
The current addition of an MPH challenge in our study provided useful information about the responsiveness of the GABAergic system. The sample studied here is unique, as it also contained ADHD patients who were stimulant treatment-naive, which allowed us to compare the specific actions of stimulant treatment in relation to first age of treatment. However, no healthy control group was included, and we can thus not draw any conclusions about possible 'normalizing' effects of acute MPH on GABA+ levels now. Additionally, this study did not include an additional control group with patients diagnosed with ADHD at young age but who did not receive any treatment, which would have extended the interpretation of our results with age of diagnosis next to age of first treatment.
MRS is currently the only technique that allows to reliably measure brain metabolites in the human brain in vivo. Due to technical limitations, a large voxel is needed to obtain a sufficiently high signalto-noise ratio to fit and estimate GABA levels accurately. Whereas current GABA measurements do not have a high spatial resolution, recent advancements in 7T protocols, as well as in CSI for an increased coverage at 3T, should allow to draw more firm conclusions in the near future (Stagg et al., 2011) .
A potential limitation of our study is that the subjects diagnosed early or late in life with ADHD could possibly represent different subgroups. A very recent longitudinal study in New Zealand indicated that adults with ADHD do not always meet childhood criteria for ADHD (Moffitt et al., 2015) . Additionally, the variance of the GABA+ levels in the LST group was large, indicating that the LST group might be quite heterogeneous. Hence, a subset of our ADHD patients could in principle have a different neurobiological profile, which may relate to different GABA+ or Glx levels. While we did not find changes in basal levels of the latter, further research is warranted to investigate this alternative hypothesis.
Second, although our study is the first to investigate effects of age of first stimulant treatment on GABA+ levels in adult ADHD patients, our sample, inherent to the retrospective nature of our design, was quite heterogeneous in terms of symptom severity, treatment duration and time since last exposure. Nevertheless, while we focused on effects of ADHD medication, neither current ADHD symptom severity, nor treatment duration, nor age at diagnosis, nor time since last exposure significantly affected our results. Moreover, a prospective study design that would overcome such issues would have been very difficult, if not impossible, to execute. Additionally, exploratory analyses revealed no relations between baseline mPFC GABA+ levels and ADHD symptom severity. Our results do therefore not report on the relation between GABA+ levels and ADHD symptomatology.
Conclusion
In conclusion, our results demonstrate that MPH effects on GABA+ levels in ADHD patients are influenced by whether a subject had first started stimulant treatment in childhood or in adulthood. Our data thus suggest that long-lasting alterations may have occurred in GABAergic neurotransmission in the mPFC, selectively in subjects who had been first exposed to stimulant treatment early during childhood, but not in those who started medication only from later in their lives onward. Future studies are therefore warranted to assess the underlying mechanisms as well as the consequences of these lower GABA+ levels on cognitive and behavioral problems in ADHD.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.nicl.2017.06.003.
